The structure and composition of the cell walls of hyphae of Neurospora crassa were investigated by electron microscopy, chemical analysis, and X-ray diffraction both before and after progressive enzymatic degradation by snail gut enzymes, chitinase, and trypsin. The wall consists of two phases: randomly disposed skeletal microfibrils of chitin only and an amorphous matrix which contains both #-glucans and protein. The protein contains a high percentage of the amides of aspartic and glutamic acid but no hydroxy-proline or cysteine. A portion of this protein is a component of or is associated with a system of pores which is embedded in the matrix of the wall. These pores, 40 to 70 A in outside diameter, sometimes branch and seem to provide a three-dimensional network from one side of the wall to the other. They may be a general system of transport across the walls.
The cell walls of fungi have been reviewed at length recently (1) , and the many gaps in our knowledge of these structures have been indicated. Most information on the cell walls of fungi has been obtained by application of individual techniques to particular problems [e.g., chemical analysis (2, 7), X-ray diffraction (14) , electron microscopy (3) ], but the present time may be appropriate for a combined approach. This is particularly true in view of the recently recognized complexity of fungal cell walls (1) , their role as physiologically and biochemically active structures (17) , and their influence upon the morphogenesis of cells (4, 6) . Accordingly, this paper reports an investigation of the structure of cell walls of Neurospora crassa by electron microscopy both before and after enzymatic digestion, confirmation of chitin as a cell wall constituent by X-ray diffraction, and the amino acid composition of the residual protein component of the walls.
MATERIALS AND METHODS
Cultures of N. crassa (N.R.C. No. N-868, originally obtained from ATCC 11993) were grown on 30 ml of medium N (20) , supplemented with 0.5% yeast extract and 0.5% N-Z-Case peptone (pancreatic digest of casein, Sheffield Chemical Co., Norwich, N. Y.), in 125-ml Erlenmeyer flasks. After 3 to 4 days at 20 to 25 C, the mycelial mats were removed and washed with distilled water over a stainless-steel sieve until free of the nutrient medium. Fungal hyphae were either fixed or treated further to isolate the walls from cytoplasm as described below, or as described by Shatkin and Tatum (16) .
Isolation and extraction of cell walls. A dense suspension of mycelium in distilled water was homogenized in a Waring Blendor for 1 min, and the mycelial fragments were sedimented. The fragments were resuspended in water and subjected to sonic treatment (Branson model Bi 10) at full power for 1 hr at 0 C. The resulting fragments of mycelia were centrifuged, and suspended in water five times until a cell wall preparation free from cytoplasm was obtained. Agitating the mycelium with a suspension of glass beads in a Waring Blendor was equally effective in breaking the hyphae, but the cytoplasmic contents did not flow out nearly as completely. Apparently, the cavitation during the sonic treatment reduces the viscosity of the cytoplasm a great deal, permitting it to flow more easily.
The isolated, sonic-treated, washed cell wall fragments, which were devoid of cytoplasmic membranes when examined in an electron microscope, were transferred to a Soxhlet thimble and extracted overnight with boiling water. The water was replaced by alcohol for 24 hr and then by ether for 8 hr. After the ether extraction, the cell walls were air-dried for at least 48 hr at room temperature.
A sample of the ether-extracted cell walls was then dispersed in 9 ml of 0.01 M phosphate-0.003 M citrate buffer (pH 6.0) to which 1 ml of snail enzyme was added (Suc d'Helix pomatia, Industrie Biologique Frangaise, Gennevilliers, Seine, France). The suspension was stirred magnetically at room temperature overnight. The fragments were sedimented, the supernatant fluid was discarded, and the pellet was washed four times with distilled water. When a sample of the washed pellet was subjected to acid hydrolysis followed by paper chromatography, it was observed to be completely free from glucose.
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CELL WALL OF NEUROSPORA CRASSA For removal of protein, digested fragments from the preceding treatment were dispersed in 0.04 M ammonium bicarbonate (pH 8.0) and 1 mg/ml of trypsin (2 X crystallized, Nutritional Biochemicals Corp., Cleveland, Ohio). Digestion was allowed to proceed overnight at room temperature in the presence of a few drops of toluene. The cell wall residues were then sedimented and washed four times with distilled water.
Isolation of protein from walls. Crude protein was isolated by suspending samples containing 10 mg of sonic-treated, washed, extracted cell walls, free of lipids, in 9.0 ml of 0.01 M phosphate-0.003 M citrate buffer (pH 6.0), 10 mg of chitinase (Koch-Light Laboratories Ltd., Colnbrook, Bucks., England), and 1 ml of snail enzyme preparation. The suspension was incubated overnight at room temperature with stirring. The particles were sedimented from the suspension, the supernatant fluid was discarded, and the pellet was washed five times with distilled water. After two extractions with ethyl alcohol and two more with diethyl-ether, this residue was completely free from glucose as tested by acid hydrolysis followed with paper chromatography. However, the chromatogram indicated that glucosamine was present in the hydrolysate, and this was confirmed by faint X-ray diffraction reflections for chitin in the residues.
Electron microscopy. Analytical methods. The following methods were employed for qualitative analysis by chromatography. Both glucans and proteins were hydrolyzed in sealed ampoules for 16 hr in 6 N HCl at 100 C. After removal of the HCl, the hydrolysates were placed on waterethyl alcohol-acetic acid washed paper and developed in butanol-pyridine-water (10:3:3) for reducing sugars or butanol-acetic acid-water (4: 1:1) for amino acids. Reducing sugars were detected by alkaline silver nitrate, and amino acids, by 0.2% ninhydrin in butanol.
Quantitative determination of the amino acids was carried out with an Auto-Analyzer (Technicon Instruments Corp. Chauncey, N.Y.) by the methods of Whitaker et al. (21) after hydrolysis at 100 C in 5.5 N HCl for 20 hr under nitrogen. Nitrogen determinations on the cell wall fragments were by both the micro-Kjeldahl and the Dumas methods. Ash was determined by heating the sample in a muffle furnace at 550 C for 5 hr.
Growth of N. crassa in cultures containing ferritin. For labeling of cell walls and cytoplasm by ferritin, small fragments of an actively growing mycelium were placed in the usual culture medium, except that it contained 1 mg of equine spleen ferritin/ml (twice crystallized, cadmium-free; Calbiochem, Los Angeles, Calif.). The mycelium was allowed to incubate for 4 hr, after which it was fixed in the usual way. The older portions of the mycelium, as well as the new, rapidly incorporated the characteristic brown color of the ferritin. In addition, cultures containing ferritin grew much faster (at least twice as rapidly) than the control cultures, for unknown reasons.
RESULTS
Hyphal walls. Thin sections of N. crassa hyphae fixed in KMnO4 alone showed the cell walls as a rather indefinite zone, 0.1 to 0.3,u thick, in agreement with the observations of Shatkin and Tatum (16) from osmium fixation. As they noted, the demarcation of the outer surface of the wall is not sharp (Fig. 1 ) but frayed. With KMnO4 fixation alone, the interior of the wall did not show much detail, but there were suggestions of fibers similar to those which Shatkin and Tatum observed previously with osmium fixation of mutant B110. These fibers are about 75 A in breadth and vary in length up to about 0.1 ,u ( Fig. 1; reference 16 ). In general, the electron density of the wall decreased gradually from the inner side to the outer ( Fig. 1 ) with KMnO4, in contrast to the results with osmium (16) .
Prior fixation of hyphae with glutaraldehyde followed by potassium permanganate improved the photographs considerably. The walls showed internal layers of diffeient electron density, and in some places the fibers were resolved into two approximately parallel or curved lines, outside edges 40 to 70 A apart, with a space between (Fig. 2) . The length of these lines varied from 0.01
Iu to about 0.2 ,u, and they appeared to be segments of a three-dimensional system, because occasionally branches of the intervening space could be seen (Fig. 2) . These segments are em- bedded throughout the depth of the wall, both close to the plasmalemma and to the outside. Sometimes circular or elliptical structures were seen which might have been cross-sections of these spaces, but it was not possible to be certain. The bulk of the wall between the segments was uniformly granular in appearance.
Photographs of thin sections of fungal hyphae which had been treated with snail gut enzyme before fixation with gluturaldehyde and KMnO4 also showed the fibers, and occasionally these could be resolved into two lines with a space between.
Isolated, sonic-treated, extracted hyphal walls. Isolated, sonic-treated, fully extracted cell walls which were fixed in KMnO4 showed granules and the fibers (Fig. 3) . The fibers were not observed when the specimen was fixed in osmium tetroxide or osmium tetroxide followed by KMnO4. Instead, the wall appeared to consist of small particles which differed in their electron density (Fig. 4) . Similar pdrticles were observed in intact hyphal walls after osmium fixation followed by permanganate.
Treatment of these walls with snail enzyme caused them to swell, and also caused the disappearance of the fine pdrticles. However, the apparent fibers remained and could be seen sometimes to consist of segments of two parallel lines with a space between in spite of the swelling. When the snail enzyme-treated walls were digested with trypsin and fixed in permanganate, the sections showed dispersed particles similar to those in Fig. 4 , without any evidence for fibers. Moreover, no evidence of chitin microfibrils was observed in these sections. This was rather surprising, because the removal of the lipids by extraction of the glucan by snail enzyme and the protein by trypsin ought to have left chitin as a major component of the residues. However, the presence of chitin in these residues was confirmed by X-ray diffraction (Fig. 5) . In addition, segments of chitin microfibrils in sections of these residues were demonstrated (Fig. 6 ) after the removal of methacrylate used as an embedding medium, according to the method of Bayley et al. (5) . It therefore seems probable that the staining reagents were inadequate for chitin. It is also probable that the ends of the segments of chitin microfibrils appeared as dispersed particles after fixation and lead staining.
Examination of replicas of isolated, sonictreated, extracted walls showed a uniform surface with numerous granules and indications of microfibrils beneath the surface (Fig. 7) . Replicas of walls treated with snail enzyme, to remove the greater part of the amorphous glucan matrix, displayed a network of chitin microfibrils oriented at random (Fig. 8) . In the interstices of the network are numerous granules which seem to belong to the innermost layer of the wall (Fig. 9) . Trypsin treatment of such walls, however, reduced the number of these granules, and the interstices appeared empty (Fig. 10) .
Doubly digested cell walls. Replicas of the surface of sonic-treated, fully extracted cell walls which had been digested simultaneously with snail enzyme and chitinase (subsequently referred to as doubly digested cell walls) showed segments of finer and shorter threads than chitin microfibrils (Fig. 11, compare with Fig. 10 ). The size, shape, length and resistance to snail gut enzyme and chitinase digestion (but not to trypsin) of these threads suggested that they were projections of the previously observed fibers from the surface of the doubly digested cell walls. In 4 . Section of the same material as in Fig. 3 , fixed by osmium tetroxide followed by potassium permaniganate. Note the absence ofany evidence for pores with this fixative. Markers = 0.1 ,u.
tions of doubly digested hyphal walls showed segments of parallel lines which were similar to those in sections of whole walls, in spite of the disruption imposed by the drastic enzymatic treatment. The space between these lines sometimes showed branching. Phosphotungstic acid staining of the doubly digested residues also showed channels of the same shape and dimensions as listed above, but the staining was positive with this reagent, not negative, suggesting that the acid is strongly adsorbed to the material (Fig. 12 ).
Chemical composition of walls. A recent note by Potgieter and Alexander (13) has emphasized the paucity of information on the chemical constituents of the walls of N. crassa. They reported that about one-half of the cell wall seems to be composed of a B-1 , 3-glucan with a large portion of the remainder being chitin. In addition, de Terra and Tatum (6) nitrogeneous constituents may be lost as a result raphy showed that glucose and all other hexose of its action.
were completely absent from these residues. The Qualitative analysis of the doubly digested absence of glucose cannot be attributed to an residues of hyphal cell walls by paper chromatog-active cellulase in snail gut enzyme preparation, because parallel experiments showed that not more than 9.0% of the weight of a comparable amount of filter paper disappeared under the same conditions of incubation. These results indicate that there is no cellulose in the wall of the hyphae of N. crassa and that all the microfibrils are composed of chitin. However, paper chromatography of hydrolysates of doubly digested residues showed evidence for most, if not all, of the common amino acids, indicating a substantial protein FIG. 9 . Replica of another portion of the same material as in Fig. 8, to show what may be the inner layer of the JiypIal wall. FIG. 10 . Replica of the surface of the same material as in Fig. 8 and 9 after digestion with trypsin. Note that -the interstices between the microfibrils appear more distinct and less filled than in Fig. 8 . Markers = 0.1 ,u. content in the residues. Table 1 lists the approximate relative amino acid content of the protein component of doubly digested residues. The protein is predominantly acidic but, because it is insoluble in alkali, the carboxyl groups must be neutralized by ammonia. Because this is a protein from plant cell walls, it is interesting to record the complete absence of both hydroxyproline and of cysteine (8) .
Ferritin incorporation into hyphae and hyphal cell walls. As yet, the function of the observed channels must remain a subject for speculation. However, it is certainly plausible to suggest that the spaces between the parallel lines may be avenues of transport across the thick fungal cell wall [pores (18) ]. To test this suggestion, mycelia were grown in cultures containing ferritin as a macromolecular label. Sections of hyphae from these mycelia were examined to see whether ferritin entered the hyphae, and, if so, to determine the distribution of the ferritin. Pronounced electron density of the cytoplasm showed that ferritin did enter the cell during incubation and was widely distributed throughout the lumen of the hyphae. Furthermore, ferritin was seen throughout the thickness of the hyphal cell wall as files of electron-dense material similar in As suggested previously, the cell wall of N. crassa is a two-phase system composed of chitin microfibrils disposed at random within the plane of the cell wall and of a mixture of amorphous glucan (13) and protein (6) which fills the interstices between the chitin microfibrils. The glucan has been characterized only in a general way (13) but seems to contain primarily f-1,3 linkages. Distributed within this matrix of glucan, however, there may be up to about 14% protein (6) . This component is responsible presumably for retention of the characteristic morphology of hyphae even after exhaustive degradation with chitinase and glucanase (13) . The protein contains no hydroxyproline or cysteine but does contain relatively large amounts of aspartic and glutamic acids neutralized by ammonia. Its general distribution within the plant cell wall is unknown, but the gradual increase of electron density with permanganate fixation suggests that there may be more protein on the inner side of the wall than on the outside.
As indicated above, the protein in the hyphal cell walls has a skeletal function. In addition, the results of this study suggest that at least a part of the protein may also be involved with an active function of the wall. Fibers embedded in the wall are stained with osmium tetroxide (16), potassium permanganate (Fig. 2) , and phosphotungstic acid (Fig. 12 ). This staining is evidence that at least a portion of these fibers is protein.
Furthermore, some (if not all) segments of these fibers which contain protein are composed of two parallel or curved lines with a space between. Because the segments of double lines are distributed more or less uniformly throughout the thickness of the wall and the spaces between the lines branch occasionally, it is reasonable to suggest that this system of spaces [pores in the terminology of Trevithick and Metzenberg (18) ] forms a three-dimensional network throughout the wall from the inside to the outside. On present evidence, the protein forms a part of the boundaries of the pores. Longitudinal and transverse sections of the pores and the projections of the fibers from the surfaces of doubly digested walls indicate that these pores are roughly circular. However, this question is still open. The pores are definitely smaller than the cytoplasmic microtubules of Ledbetter and Porter (9) and have quite a different appearance in transverse or longitudinal sections. It is too soon to be sure of their function in N. crassa walls, but the rapid transport of ferritin into the lumen of the cells and its localization in files within the wall of the same shape and dimensions as the pores suggests that these pores serve as conduits for movement of macromolecular substances, perhaps in both directions. This suggestion is completely consistent with the recent studies of Trevithick and Metzenberg (18) on molecular sieving of invertase. Whether these channels are a general feature of fungal cell walls is being studied now.
